ABSTRACT A primitive example of adaptation in gene expression is the balance between the rate of synthesis and degradation of cellular RNA, which allows rapid responses to environmental signals. Here, we investigate how multidrug efflux pump systems mediate the dynamics of a simple drug-inducible system in response to a steady level of inducer. Using fluorescence correlation spectroscopy, we measured in real time within a single bacterium the transcription activity at the RNA level of the acrAB-TolC multidrug efflux pump system. When cells are exposed to constant level of anhydrotetracycline inducer and are adsorbed onto a poly-L-lysine-coated surface, we found that the acrAB-TolC promoter is steadily active. We also monitored the activity of the tet promoter to characterize the effect of this efflux system on the dynamics of drug-inducible transcription. We found that the transcriptional response of the tet promoter to a steady level of aTc rises and then falls back to its preinduction level. The rate of RNA degradation was constant throughout the transcriptional pulse, indicating that the modulation of intracellular inducer concentration alone can produce this pulsating response. Single-cell experiments together with numerical simulations suggest that such pulsating response in drug-inducible genetic systems is a property emerging from the dependence of drug-inducible transcription on multidrug efflux systems.
INTRODUCTION
Single-celled, like multicelled, organisms exhibit properties essential for survival such as communication, homeostasis, and adaptation. A classic example of adaptation is the ability of bacteria to express nonspecific efflux pumps in response to antibiotic exposure. Efflux mechanisms are believed to be key determinants of antibiotic resistance (1, 2) . As a model system, we investigate the effect of a known efflux pump, the AcrAB-TolC system, on the dynamics of a simple tet-inducible promoter. Because the tetracycline is a known substrate of the AcrAB-TolC efflux pump (3), it is expected that the dynamics of tetracycline-inducible systems should depend strongly on this efflux pump. In this work, we characterize how the dynamics of the inducible tet promoter is associated with the promoter activity of the acrAB-TolC multidrug efflux pump system (4, 5) in individual living bacteria of Escherichia coli.
Monitoring transcriptional responses in an isolated bacterium immobilized onto a surface has remained a technical challenge because they are often inaccessible to ensemble measurements (3, 6) . Most noninvasive characterizations of transcriptional activity in single cells use reporter proteins such as green fluorescent protein (GFP) or luciferase (7, 8) . However, the slow maturation time of GFP and the low light level of luciferase may not be well suited for the analysis of rapid transcriptional responses to an environmental stimulus. In a recent study (9) , we proposed a noninvasive experimental approach to monitor the activity directly at the RNA level of any promoter in prokaryotes. In our preliminary study (9) , we found that the activity of the tet promoter upon the steady level of induction exhibited an unexpected pulsating profile. Several questions thereafter arose: Are the pulses of activity caused by a variation of RNA degradation? What is the activity of the acrAB promoter during the induction process? Could we reproduce theoretically this pulsating behavior using simple hypotheses? To address these questions, we decided to develop a simple assay where the bacteria were attached on a poly-L-lysine. Under these conditions, cells cannot grow because they are tightly adsorbed to the coverslip, but they are still able to sense and respond to chemical inducers. These conditions are different from our preliminary study where cells were allowed to grow and divide on coverslips coated with agarose padding. We used the same apparatus as in Le et al. (9) to measure separately the activity of the promoter of the acrAB efflux system and of the tet promoter when cells are exposed to a steady level of anhydrotetracycline (aTc).
We used a dual plasmid system that was developed in Le et al. (9) to monitor in real time the transcription activity of the acrAB promoter in cell adsorbed onto a surface. A synthetic gene coding for a tandem of ms2-RNA binding sites was placed under the control of a chromosomal copy of the acrAB promoter (10) on one plasmid, while another plasmid was used to preexpress the MS2 coat protein fused to GFP (9, 11) . The ms2-RNA sequence has two identical specific binding sites for MS2-GFP protein. We preexpressed MS2-GFP by inducing with isopropyl B-D-thiogalactoside overnight. When the acrAB promoter is active, transcripts with two ms2-RNA binding sites are synthesized and the preexpressed MS2-GFP proteins bind to them. Because the ms2-RNA transcripts are fused to a ribosome binding site, their interaction with the ribosome makes the RNA/MS2-GFP complex diffuse 30-fold slower than the free GFP fusion protein (9) . The relative concentrations of RNA/MS2-GFP complexes diffusing slowly and of free MS2-GFP proteins diffusing fast are measured using fluorescent correlation spectroscopy (FCS) (Supplementary Fig. 1 ) (9, (12) (13) (14) . This procedure is used to monitor the concentration of ms2-RNA transcripts placed under the control of the acrAB or tet promoters.
MATERIALS AND METHODS

Plasmids
Vectors based on the pZ family (15): 1), pZS12MS2-GFP (SC101 origin, 6-8 copies/cell, ampicillin, PLlacO-1 promoter)/pZE31ms2 (ColE1 origin, 50-70 copies/cell, ChlR, PLtetO-1 promoter); and 2), pZS12MS2-GFP (SC101 origin, 6-8 copies/cell, Amp R , PA1lacO-1 promoter)/pZE3acrABms2 in which the PLtetO-1 promoter from pZE31ms2 was replaced with the chromosomal acrAB promoter. 
Cell strains
Growth condition
Cells carrying both reporter and expression plasmids were grown overnight at 30°C in M9 minimal salts (Qbiogene, Irvine, CA) supplemented with 0.1 mM CaCl2 1 2 mM MgSO4 1 0.4% glycerol 1 0.5% casamino acids 1 100 mg/ml Ampicillin 1 34 mg/ml chloramphenicol 1 50 mg/ml spectinomycin 1 1 mM IPTG. Cells from overnight cultures were washed, diluted 20-fold, and regrown in fresh M9 media for an additional 2 h. The homogeneity and the level of cellular MS2-GFP expression were checked with fluorescence microscopy.
Determination of RNA concentration with FCS
We use the same setup and procedure described in Le et al. (9) and in the Supplementary Material. One MS2-GFP molecule in the detection volume within a living bacterium represents a concentration of 37 nM.
Transcription assay within a single cell
Cells were immobilized on a polylysine-coated coverslip in a reaction chamber. The chamber was filled with 200 ml of M9 media and placed on a thermocontrolled microscope stage set at 30°C. We used an FG loop deletion mutant of the coat protein of phage MS2 fused to GFP (denoted MS2-GFP), which binds a specific 23 nucleotides hairpin loop (MS2 binding site). In our experiments, MS2-GFP is preexpressed from an inducible promoter controlled by LacI. Cells were scanned using FCS for cells that were preexpressed MS2-GFP at the level of ;11 mM. (MS2-GFP protein concentration is given for a homodimer, which is the MS2-RNA binding unit. Two MS2-GFP homodimers bind to one MS2-RNA transcript.) We replaced M9 media in the chamber with 200 ml of fresh M9 media premixed with inducer. FCS data were collected from cells at 5 min intervals for the first 25 min and 10 min intervals afterwards.
RNA decay in a single cell
Cells carrying the dual plasmids, pZS12-MS2GFP/pZE31-ms2, were induced to express ms2-RNA with 1 mg/ml aTc in the reaction chamber.
At desired time intervals after induction, transcription was stopped with rifampicin. Rifampicin, premixed in M9 medium to a final concentration of 500 mg/ml, was used to rinse the reaction chamber three times to remove all residual aTc molecules. Finally, 200 ml of 500 mg/ml rifampicin in M9 was added to the reaction chamber to block transcription. RNA concentration was then measured with FCS at 2-min intervals.
Numerical simulations
Model assumptions include the following: 1), The equilibrium of the intracellular concentration of aTc with the external concentration after induction is instantaneous. For simplicity, we hypothesize that immediately after induction the effective efflux of aTc is constant with rate m. 2), After induction, we assume that transcription and aTc efflux occur on longer timescales than repression and induction of the tet promoter. Accordingly, we use quasiequilibrium approximations for repression and induction kinetics (Supplementary Material).
RESULTS AND DISCUSSION
Since tetracycline is a known inducer for efflux systems (10, 16), we first characterized the promoter activity of the acrAB promoter when Frag1B cells, wild-type for efflux system, were exposed to a steady level of the antibiotic inducer aTc. We monitored the activity of the acrAB promoter when E. coli cells were tightly adsorbed on a microscope slide coated with poly-L-lysine immersed in a growth medium (M9 minimal medium). Such irreversible adhesion of an individual bacterium onto a surface can induce major physiological responses (17) , and under our conditions the cells did not grow or divide. We used glass coverslips coated with poly-L-lysine to promote a tight cellular attachment. The nonspecific absorption of bacteria on a poly-L-lysine-coated glass surface is FIGURE 1 Real-time acrAB promoter activity (RNA concentration) in four wild-type cells (Frag1B) induced with 400 ng/ml aTc and one cell without aTc (flat trace). Cells were immobilized on polylysine-coated surfaces. Error bars represent uncertainties in the fit parameters extracted from the autocorrelation function (Methods). mediated by electrostatic attraction between the bacterium and the coated surface (18) . Although the precise details of the underlying interactions promoting cellular absorption are still subjects of research, poly-L-lysine is a bio-agent widely used for promoting cellular adhesion on hard substrates (19) (20) (21) . Immediately after exposure to aTc, the activity of the acrAB promoter rose sharply for ;10 min and leveled off to a steady plateau (Fig. 1) . A series of studies showed that when E. coli cells are exposed to antibiotics, a multi-antibiotic resistance (mar) operon is upregulated. A gene product of this operon, marA, regulates the expression of more than 60 genes (22) . In particular, it simultaneously activates its own transcription and that of the acrAB promoter, which constitutes a positive feedback loop (23) . Therefore, exposure to aTc is expected to fully induce the expression of marA and acrAB because mar expression is self-reinforcing (3). The induction is selfreinforcing only if the aTc concentration has crossed a threshold concentration. The dynamics of this switch-like behavior may also be limited by the fact that marA needs to be synthesized to activate the acrAB promoter, which may contribute to lengthen the timescale of acrAB activation down to the observed 10 min.
To characterize the effect of the AcrAB efflux system on drug-inducible gene expression, we monitored the activity of the tet promoter when a bacterium was exposed to a steady level of antibiotic (aTc). As described previously, cells were immobilized on a surface coated with poly-L-lysine and couldn't grow or divide but exhibited transcriptional responses to various levels of inducer for several hours after being adsorbed to the coated glass surface (24) . We transformed E. coli strain DH5aPRO with two plasmids. One plasmid was used to express a MS2 phage coat protein fused to GFP (11, 25, 26 ) (MS2-GFP) from a LacI-controlled promoter. The other plasmid was used to express the ms2-RNA sequence from a TetR-controlled promoter (15) . After induction with aTc, the concentration of ms2-RNA transcripts rose sharply and peaked at ;20 min then fell back to the preinduction level. We then characterized the response of this system when cells were exposed to various levels of the inducer aTc (Fig. 2, A-C) . Since the ms2-RNA level for a given inducer concentration varied from cell to cell, we plotted the mean of the responses from 10 single cells to also show that the average transcriptional response increases with the level of inducer. When cells were exposed to different levels of inducer (200, 400, 1000 ng/ml), the initial rate of ms2-RNA synthesis measured from the population was similar for all aTc concentrations, suggesting that the initial rate of ms2-RNA synthesis was maximal (Fig. 2 D) . The observed pulsating transcriptional response could be produced by the temporal variations of either one or both: synthesis and degradation of RNA. To analyze the contribution of ms2-RNA degradation to the observed transcriptional response, we blocked transcription with addition of rifampicin. The antibiotic rifampicin irreversibly blocks transcription of ms2-RNA (27) . Subsequently, we measured the degradation rate of ms2-RNA transcripts in single cells at various time points after addition of rifampicin (Fig. 3) . We found that RNA degradation could be approximated by a simple exponential decay and was independent of both the time intervals after induction and RNA abundance (data not shown) (28) (Fig. 3, inset) . This result suggests that modulation of RNA synthesis, not RNA degradation, contributes to the observed pulsating response to aTc exposure.
Next, we hypothesize that the observed transcriptional pulses are caused by the modulation of TetR's repression activity (15, 29) . Although the extracellular concentration of aTc inducer is constant throughout the measurements, the intracellular concentration of aTc may vary as a function of time (3, 6, 30) . To gain further insight into the observed profile of induced RNA, we simulated the dynamics of transcription, repression, and RNA degradation in an individual living cell that did not grow or divide (Fig. 4 A) . In this simple model, we assumed that the modulation of RNA synthesis was caused solely by the temporal variation of intracellular concentration of inducer. In these simulations, we assumed for simplicity that the intracellular concentration was equal to the extracellular concentration of inducer at the initial time point and after this time the intracellular concentration of inducer decreases with a constant rate. Using published values (Supplementary Material) of kinetic parameters for the aTc-tet system, plasmid copy number, and our measured RNA degradation rate (Fig. 3) , the transcriptional pulse in response to antibiotic exposure was qualitatively recovered. In contrast, when the efflux rate was set to zero, the intracellular concentration of inducer remained equal to the extracellular concentration of inducer and the associated induced RNA concentration reached a steady plateau (Fig. 4 B) .
We recently showed that the deletion of acrAB in dividing cells altered the pulsating transcriptional dynamics of a tetinducible gene and caused overexpression of induced RNA (9) . Consequently, we also found that the expression level of proteins controlled by a tet-inducible promoter is severalfold higher in DacrAB efflux mutant than in wild-type cells. Here, we performed similar transcription assays in the DacrAB mutant cells (16) , Frag1A (Methods). In this mutant, the AcrAB-TolC multidrug efflux pump system, which is a key factor for multidrug resistance and thus controls the intracellular concentration of inducer (3, 6) , was defective. This mutant strain was transformed with the same dual plasmid system as in Le et al. (9), and we monitored the transcription of the ms2-RNA gene from a tet promoter as a function of time. We found that after induction with aTc (400 ng/ml), the concentration of induced ms2-RNA transcripts from Frag1A cells exceeded the one obtained from Frag1B cells, wildtype for the efflux system (Fig. 5 A) . The fact that RNA concentration reaches a steady plateau in mutant cells indicates that the intracellular aTc remains present in the cytoplasm and might not be as rapidly expelled by the efflux pump as in wild-type cells. Our model confirms this hypothesis: the response of mutant cells can be fitted by simply setting the efflux rate to zero while keeping all other parameters unchanged (Fig. 4 B) . This observation suggests that the acrAB-TolC multidrug efflux system contributes to the modulation of the intracellular concentration of inducer, which consequently regulates the transcription activity of inducible genetic systems to produce an adaptive response (32,33). In particular, we saw that when cells are tightly adsorbed onto a surface and exposed to the inducer, the acrAB promoter remains active and is possibly responsible for the efflux of the antibiotic aTc. To check this hypothesis, after an initial induction with aTc (100 ng/ml), we exposed the cells to a second, much larger level of induction (1000 ng/ml). Under this condition, the cells did not respond to the second induction with aTc (Fig. 5 B) . There may be several, combined reasons responsible for the observed result. The first hypothesis is that the number of pumps accumulates in the cell after the first induction. But the effective efflux rate needs to be several orders of magnitude higher than the one initially measured during the first induction to pump out the inducer faster than the time it takes to form transcripts. The second hypothesis is to assume that some influx mechanism importing the inducer remains inactive after the first induction. The combination of both hypotheses could provide an efficient mechanism to drastically decrease the effective membrane permeability to antibiotics after the first exposure. It is also worth noting that upon exposure to antibiotics, marA activates the synthesis of the acrAB efflux pump but FIGURE 5 Efflux-mediated inducible transcription. (A) Concentration profiles of ms2-RNA transcripts from an inducible tet promoter in a Frag1A mutant cell (DacrAB) without aTc (shaded) and with 400 ng/ml aTc (solid). Wild-type Frag 1B cell with 400 ng/ml (dark shaded). (B) Tet promoter activity with sequential inductions in four nondividing wild-type cells (Frag1B). Cells were first induced with 100 ng/ml aTc at time zero followed by a second induction with 1 mg/ml aTc at time 60 min after first induction. Arrows indicate times of induction. Error bars represent uncertainties in the fit parameters extracted from the autocorrelation function.
also induces the synthesis of the small RNA micF. The small RNA micF is a translational repressor of the ompF influx system, which is believed to be the principal pathway for b-lactam antibiotics pathway (34, 35) . The combined activation of acrAB synthesis and inhibition of ompF translation is also compatible with the result plotted in Fig. 5 B.
This study illustrates how cellular activities, such as efflux mechanisms, can shape the dynamics of inducible transcriptional circuits to produce an adaptive response (36) . Such interplay among regulatory systems imposes specific constraints on the modeling of inducible transcriptional networks. It is conceivable that the dependence of one process on another constitutes a generic design principle of regulatory organization (33, 37) . In this picture, such regulatory organization may permit rapid adaptation to a changing environment without requiring long-lasting mutational processes. Our study suggests that the observed pulsating behavior in inducible transcription is itself a systems property arising from the dependence of gene expression on multidrug resistance determinants.
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